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Escherichia coli strains recovered from Crohn’s disease (CD) lesions are able to adhere to and invade
cultured intestinal epithelial cells. We analyzed the behavior within macrophages of adherent invasive E. coli
(AIEC) strains isolated from patients with CD. All the 15 AIEC strains tested were able to replicate extensively
within J774-A1 cells: the numbers of intracellular bacteria increased 2.2- to 74.2-fold at 48 h over that at 1 h
postinfection. By use of murine peritoneal macrophages and human monocyte-derived-macrophages, the
reference AIEC strain LF82 was confirmed to be able to survive intracellularly. Transmission electron micro-
graphs of AIEC LF82-infected macrophages showed that at 24 h postinfection, infected cells harbored large
vacuoles containing numerous bacteria, as a result of the fusion of several vacuoles occurring after 8 h
postinfection. No lactate dehydrogenase (LDH) release, no sign of DNA fragmentation or degradation, and no
binding to fluorescein isothlocyanate-labeled annexin V were observed with LF82-infected J774-A1 cells, even
after 24 h postinfection. LF82-infected J774-A1 cells secreted 2.7-fold more tumor necrosis factor alpha
(TNF-a) than cells stimulated with 1 mg of lipopolysaccharide (LPS)/ml. No release of interleukin-1b was
observed with LPS-prestimulated J774-A1 cells infected with AIEC LF82. These findings showed that (i) AIEC
strains are able to survive and to replicate within macrophages, (ii) AIEC LF82 replication does not induce any
cell death of the infected cells, and (iii) LF82-infected J774-A1 cells release high levels of TNF-a. These
properties could be related to some features of CD and particularly to granuloma formation, one of the
hallmarks of CD lesions.

Crohn’s disease (CD) is an inflammatory bowel disease char-
acterized by a chronic transmural, segmental, and typically
granulomatous inflammation of the intestine in humans. CD
lesions develop from an accumulation of lymphocytes and
plasma cells, followed by an influx of macrophages, which
transform into epithelioid cells and generate nascent granulo-
mas (for a review see reference 12).

The etiology of CD is still unknown. The general concept is
that CD pathogenesis is immunologically mediated and greatly
influenced by genetic, environmental, and other endogenous
host factors. Infectious agents as a possible environmental
cause of CD have been investigated since the disease was first
recognized. Some characteristic pathologic elements of CD,
including aphthous ulcers of the mucosa, mural abscesses, and
macrophage and epithelioid cell granulomas, occur in well-
recognized infectious diseases, like shigellosis, salmonellosis,
and yersinial enterocolitis, in which invasiveness is an essential
virulence factor of the bacteria involved (for a review see
reference 40).

We previously showed that Escherichia coli is abnormally
predominant (between 50 and 100% of the total number of
aerobes and anaerobes) in early and chronic ileal lesions of CD

and that a great majority of the E. coli strains isolated from
Crohn’s ileal mucosa adhere strongly in vitro to intestinal ep-
ithelial cells (11). The latter property could enable the bacteria
to colonize the intestinal mucosa. Qualitative and quantitative
analysis of E. coli strain LF82 isolated from a chronic ileal
lesion of a patient with CD revealed that it is a true invasive
pathogen (6). It efficiently invades a wide range of human
epithelial cell lines in vitro, including HEp-2 cells and the
intestinal cells Intestine-407, Caco-2, and HCT-8. In contrast
with most invasive bacteria belonging to the Enterobactericeae
family, its uptake is dependent upon both functioning host cell
actin microfilaments and microtubules. It survives and repli-
cates in the host cell cytoplasm after lysis of the endocytic
vacuole. Electron microscope examination of LF82-infected
epithelial cells revealed a macropinocytosis-like process of en-
try, characterized by the elongation of membrane extensions
which surrounded the bacteria at the sites of contact between
the entering bacteria and the epithelial cells (5). The invasive
process was found to be original in that LF82 possessed none
of the known genetic invasive determinants described for en-
teroinvasive, enteropathogenic, or enterotoxigenic E. coli, or
Shigella flexneri, i.e., the ipaC plasmid gene encoding the inva-
sin of S. flexneri, and enteroinvasive E. coli (EIEC), the eae
gene encoding the intimin of enteropathogenic E. coli (EPEC),
and the tia gene encoding a 25-kDa outer membrane protein
involved in enterotoxigenic E. coli (ETEC) invasiveness (6, 7).
Recent data have revealed a high prevalence of invasive strains
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Intestinale, Laboratoire de Bactériologie, Faculté de Pharmacie, 63001
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associated with the ileal mucosa of patients with CD compared
to that for controls, supporting a putative role of E. coli inva-
siveness in the pathogenesis of CD (7, 29). Characterization of
these strains revealed that they shared the same mechanism of
entry as LF82 and that they lacked any of the invasive genetic
determinants described above. They were thus clustered in a
new potentially pathogenic group of invasive E. coli, which we
designate AIEC for adherent invasive E. coli (6, 7).

In CD mucosa the numbers of macrophages and antigen-
presenting dendritic cells are increased (37). Macrophages re-
siding in the intestine or attracted to the site of inflammation
might normally serve as a first line of defense by nonspecifically
eliminating microorganisms that have penetrated from the in-
testinal lumen. Invasive bacteria have developed various strat-
egies to counteract these mechanisms, which, when successful,
enable them to survive and multiply and sometimes to destroy
macrophages (for reviews see references 1, 13, 16, and 31). The
behavior of the microorganisms within macrophages and host
responses are key components in the replication and perpetu-
ation of these intestinal pathogens. Elicitation of an inflamma-
tory cascade may either eliminate the invading bacteria or
facilitate further bacterial invasion (33, 34, 42).

As interactions between bacteria and macrophages dictate
the outcome of most of the infectious diseases, the aim of the
present work was to analyze the behavior within macrophages
of AIEC strains isolated from patients with CD. Three differ-
ent types of macrophages were used: the universally used
J774-A1 murine macrophage-like cell line, which allowed us to
compare the behavior of AIEC with other invasive bacteria
studied so far, murine peritoneal macrophages, and human
monocyte-derived macrophages (HMDM). The survival and
replication of the phagocytosed bacteria were studied, as well
as the behavior of the infected macrophages, by analyzing the
synthesis and release of proinflammatory cytokines and cell
integrity.

MATERIALS AND METHODS

Bacterial strains and culture conditions. A total of 15 invasive E. coli strains
(LF strains) isolated from patients with CD were tested, including the prototype
AIEC strain LF82 of serotype O83:H1, which was isolated from a chronic lesion
of a patient with CD (6). The strains were recovered from ileal biopsy specimens
from patients with chronic lesions who had been operated on for CD (n 5 7),
from patients with early endoscopic recurrent lesions at 3, 6, or 12 months post-
surgery (n 5 7), and from a patient without recurrence of CD up to 2 years
postsurgery (n 5 1) (11).

The following invasive strains were also used as controls: S. flexneri strain
M90T (32), Salmonella enterica serovar Dublin SL2260 (26), and Salmonella
enterica serovar Choleraesuis (clinical isolate). E. coli strain K-12 C600 was used
as a noninvasive control. All E. coli strains were stored in Mueller-Hinton broth
(Institut Pasteur Production, Marnes-la-Coquette, France) with glycerol (15%,
vol/vol) at 280°C and grown in Luria-Bertani (LB) broth without shaking, except
S. flexneri M90T, which was cultured in trypto-casein-soybean broth (TCS) with
shaking overnight at 37°C.

Cell line and cell culture. The murine macrophage-like cell line J774-A1
(American Type Culture Collection no. TIB67) was maintained in an atmo-
sphere containing 5% CO2 at 37°C in RPMI 1640 medium (Seromed, Biochrom
KG, Berlin, Germany) supplemented with 10% (vol/vol) heat-inactivated fetal
calf serum (FCS; Seromed), 1% L-glutamine (Life Technologies), 100,000 of
penicillin/liter, 100 mg of streptomycin/liter, and 25 mg of amphotericin B/liter.
J774-A1 cells were seeded in 24-well tissue culture plates (Polylabo, Strasbourg,
France) at a density of 105 cells per cm2 and were grown for 18 h in an
atmosphere containing 5% CO2 at 37°C.

Isolation and culture of murine peritoneal macrophages. Peritoneal cells were
isolated by intraperitoneal (i.p.) injection of 5 ml of RPMI 1640 (Seromed)

supplemented with 5% (vol/vol) heat-inactivated FCS (Seromed), 1% L-glu-
tamine (Life Technologies), 100,000 U of penicillin/liter, 100 mg of streptomycin/
liter, and 25 mg of amphotericin B/liter into OF1 mice (IFFA CREDO, Chatillon
sur Chalaronne, France), that had been killed by cervical dislocation. Following
i.p. injection, mice were shaken to dislodge peritoneal cells, and the lavage fluids
were removed by syringe. The resulting cells, in the above-mentioned medium,
were placed in 24-well tissue culture plates (Polylabo) at a density of 5 3 105 cells
per well and maintained in an atmosphere containing 5% CO2 at 37°C. Two
hours later, the medium was removed, and the plastic adherent cells were washed
three times in 0.5 ml of phosphate-buffered saline (PBS; pH 7.2) and then in-
cubated in 0.5 ml of complete RPMI medium as above at 37°C in a 5% CO2

incubator. Eighteen hours later, the culture medium was aspirated, and the cells
were washed twice with PBS and then incubated with 0.5 ml of the above culture
medium lacking antibiotics.

Isolation and culture of HMDM. Isolation of HMDM was performed as
described by Libby et al. (27). Briefly, blood was collected from normal donors
in heparinized syringes and in additional sterile glass tubes for use as autologous
serum. Monocytes were purified by density gradient centrifugation using Isoprep
and a differential adherence procedure with 2% gelatin-coated flasks. Nonad-
herent cells were removed by washes with RPMI, and adherent cells were eluted
with RPMI plus 10 mM EDTA in PBS. The eluted cells were centrifuged and
resuspended in RPMI containing 15% autologous serum. Monocytes were
seeded into 24-well culture plates at a density of 5 3 105 cells per well. The
monocytes were maintained in an atmosphere containing 5% CO2 at 37°C for
5 to 7 days until they differentiated into cells with characteristic macrophage
morphology.

Bacterial survival and replication in macrophages. Bacterial uptake, survival,
and replication were measured by the gentamicin protection assay. The MBC
(concentration that reduced the bacterial count by 99.99%) of the antibiotic for
all strains included in this study was determined in tissue culture medium,
and the drug was used at 15- to 100-fold the MBC (the MBC ranged from 0.5 to
4 mg/ml)

Before infection, the cell monolayers were washed twice with PBS and the
medium was replaced with 1 ml of RPMI 1640 supplemented with 10% heat-
inactivated FCS. J774-A1 monolayers, murine peritoneal macrophages, and
HMDM were infected at a multiplicity of infection (MOI) of 10 bacteria per
macrophage. After a 2-h incubation at 37°C with 5% CO2, infected macrophages
were washed twice with PBS, and fresh cell culture medium containing 100 mg of
gentamicin/ml was added to kill extracellular bacteria. After incubation for an
additional hour, the medium was removed and fresh medium containing 20 mg of
gentamicin/ml was added for longer postinfection periods. To measure intracel-
lular survival beyond 48 h postinfection, fresh cell culture medium containing
gentamicin (20 mg/ml) was added daily to the infected cells. The number of
internalized bacteria was determined in attached and detached cells. Attached
cells were washed once with PBS, and 0.5 ml of 1% Triton X-100 (Sigma
Chemical Company, St Louis, Mo.) in deionized water was placed in each well
for 5 min to lyse the eukaryotic cells. This concentration of Triton X-100 had no
effect on bacterial viability for at least 30 min. Samples were removed, diluted,
and plated onto Mueller-Hinton agar plates to determine the number of CFU
recovered from the lysed monolayers. To determine the number of bacteria in
the detached cells, the culture medium was collected at each time point, centri-
fuged, washed in PBS, and treated with 1% Triton X-100 as described above. The
number of bacteria surviving the gentamicin killing assay was determined after 1,
4, 8, 24, and 48 h of gentamicin treatment. Survival was expressed either as CFU
per well or as the mean percentage of the number of bacteria recovered after 1 h
postinfection, defined as 100%. In experiments with S. flexneri M90T or serovar
Dublin SL2260, plates were centrifuged at 700 3 g for 10 min after infection.

Transmission electron microscopy (TEM). Cross sections of J774-A1 cells
were prepared as follows. After infection, cells were fixed with 3% glutaralde-
hyde in 0.2 M cacodylate buffer at 4°C for 2 h and postfixed in 1% OsO4 in
cacodylate buffer at 4°C for 1 h. After dehydration in a graded series of ethanol,
the cultures were embedded in a 2-mm-thick Epon coating in the tissue culture
well and polymerized for 3 days at 60°C. Suitable areas were oriented parallel to
the cell layer surface on Epon blocks with an Epon mixture. Ultrathin sections
were contrasted with uranyl acetate and lead citrate.

LDH activity. J774-A1 cells were seeded in 24-well tissue culture plates at a
density of 2 3 105 cells/cm2 and grown for 18 h. They were then infected at MOIs
of 10 and 100, and processed as described above. Supernatants of the infected
macrophages were sampled at 1, 4, 8, and 24 h of gentamicin treatment, centri-
fuged at 2,500 3 g for 3 min at 4°C, and assayed for lactate dehydrogenase
(LDH) activity. Enzymatic activity was determined in supernatants by using
NADH as a substrate (LDH kit; Boehringer, Mannheim, Germany). Release of
LDH was expressed as units per liter of supernatant. The percent cytotoxicity was
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calculated as (experimental release 2 spontaneous release)/(total release 2

spontaneous release) 3 100, where spontaneous release is the amount of LDH
activity in supernatants of cells incubated in medium alone and total release is
the LDH activity measured in macrophage lysates.

Annexin V binding and propidium iodide staining of infected macrophages.
J774-A1 cells were seeded in 24-well tissue culture plates at a density of 2 3 105

cells per well. At various time points after infection at an MOI of 100 or after
treatment with 5 mM gliotoxin (Sigma), cells and supernatant were harvested and
stained with fluorescein isothiocyanate (FITC)-labeled annexin V and propidium
iodide (annexin V-FITC apoptosis detection kit; Sigma) according to the sup-
plier’s protocol. With this protocol, live cells are not stained by either propidium
iodide or annexin V-FITC. Cells which appear early in the apoptotic process are
stained with annexin V-FITC alone, and necrotic cells are stained by both
propidium iodide and annexin V-FITC. The percent stained cells was scored by
analyzing 100 cells of three independent experiments in duplicate using a Zeiss
fluorescence microscope.

DNA fragmentation. J774-A1 cells seeded at a density of 3.5 3 106 were
infected for 2 h at an MOI of 100, as described above. After a 24-h gentamicin
treatment, total genomic DNA was extracted from adherent and floating cells by
a standard DNA extraction method (proteinase K and phenol-chloroform), eth-
anol precipitated, and incubated for 30 min in the presence of 1 mg of RNase
(Boehringer)/ml. The DNA solution was analyzed by electrophoresis for 5 h in a
1.5% agarose–0.1% sodium dodecyl sulfate (SDS) gel and stained with ethidium
bromide.

Detection of cytokines IL-1b and TNF-a in the supernatant of infected mac-
rophages. Macrophages seeded at a density of 2 3 105 cells/cm2 were infected at
an MOI of 100, and supernatants were collected, centrifuged, and stored at
220°C. For interleukin-1b (IL-1b) only, cells were prestimulated 18 h before
infection with 1 mg of E. coli O111:B4 lipopolysaccharide (LPS; Sigma)/ml. The
amounts of murine cytokines IL-1b and tumor necrosis factor alpha (TNF-a)
released in the culture supernatant or remaining in cells were determined by
enzyme-linked immunosorbent assay (ELISA) (Endogen Inc., Woburn, Mass.).
The optical density was determined at a wavelength of 450 nm, and cytokine
concentrations in picograms per milliliter were assessed according to the man-
ufacturer’s instructions.

RESULTS

Survival and replication of AIEC strains within the murine
J774-A1 macrophage-like cell line. In order to examine the
resistance of AIEC strains to the intracellular killing by mac-
rophages, murine J774-A1 macrophages were infected with 15
AIEC strains. Unless otherwise stated, a 2-h infection at an
MOI of 10 was performed in all the experiments reported. The
number of intracellular bacteria surviving the gentamicin ex-
posure was determined after 1, 4, 8, 24, and 48 h of gentamicin
treatment. Bacterial uptake was quantified at 1 h postinfection
and expressed as CFU per well. Survival at 4, 8, 24, and 48 h
postinfection was expressed as mean percentages of the num-
ber of bacteria recovered after 1 h of gentamicin treatment,
defined as 100% (Table 1).

The uptake of AIEC strains by the J774-A1 cells was effi-
cient, except for two strains (LF46 and LF107). The numbers
of internalized bacteria ranged from 4.8 3 104 to 33.1 3 104

CFU per well. Whatever the bacterial uptake level within mac-
rophages, all the AIEC strains survived and replicated exten-
sively within J774-A1 macrophages, increasing in cell number
up to 48 h postinfection. The numbers of intracellular bacteria
increased as early as 4 h postinfection (except for strain LF15,
for which bacterial increase was observed only at 24 h postin-
fection). At 48 h postinfection, for to the various AIEC strains
included in this study, we observed a 2.2- to 74.2-fold increase
in the number of bacteria over the number initially internal-
ized. Interestingly, three AIEC strains (strains LF31, LF46,
and LF100) which were previously described as producing al-
pha-hemolysin (11) exhibited the same behavior as the nonhe-

TABLE 1. Uptake and ability of E. coli strains isolated from patients with CD to evade killing by J774-A1 cells
after 1, 4, 8, 24, and 48 h of gentamicin treatment

MOI and strain Uptake of bacteria (104 CFU)a

after 1 h of treatment

% Survival of bacteriab after the indicated treatment period

4 h 8 h 24 h 48 h

MOI 5 10
K-12 C600 2.4 6 0.2 122 6 5 124 6 11 6 6 1 0.6 6 0.1
LF82 12.6 6 1.1 217 6 31 280 6 40 504 6 63 1122 6 297
LF9 32.5 6 20.3 132 6 22 201 6 85 969 6 261 1743 6 798
LF15 17.9 6 6.7 74 6 7 98 6 6 624 6 212 700 6 57
LF16 18.5 6 4.8 162 6 25 205 6 20 3537 6 418 7421 6 1246
LF28 8.5 6 2.2 213 6 92 212 6 62 563 6 120 291 6 85
LF31 8.1 6 3.6 130 6 6 146 6 21 850 6 137 1676 6 317
LF43 15.1 6 7.5 258 6 71 455 6 124 820 6 164 910 6 319
LF46 0.5 6 0.04 364 6 160 670 6 221 2782 6 582 4286 6 633
LF50 7.5 6 1.0 156 6 19 346 6 13 2071 6 490 5506 6 417
LF65 12.1 6 2.1 286 6 42 423 6 81 1239 6 31 3267 6 44
LF71 4.8 6 0.6 259 6 28 600 6 213 646 6 278 782 6 277
LF100 13.8 6 2.9 191 6 16 248 6 46 251 6 47 265 6 24
LF106 33.1 6 1.0 156 6 24 184 6 18 365 6 169 225 6 106
LF107 2.2 6 0.8 147 6 11 420 6 186 572 6 237 591 6 212
LF120 10.5 6 1.2 158 6 21 167 6 67 495 6 137 1451 6 274

MOI 5 10
K-12 C600 6.7 6 1.8 145 6 4 ND 2.18 6 1.10 0.8 6 0.1
S. enterica serovar Chloeraesuis 253.0 6 61.2 134 6 29 ND 0.04 6 0.02 ND
S. flexneri M90T 10.4 6 1.2 57 6 11 ND 0.40 6 0.30 ND
LF82 75.0 6 26.0 237 6 41 268 6 84 450 6 59 851 6 264

a Numbers of CFU recovered from lysed monolayers; means 6 standard errors of the means determined from three to five independent experiments in duplicate.
b Mean percentages 6 standard errors of the means of intracellular bacteria relative to the number after 1 h of gentamicin treatment, defined as 100%. ND, not

determined.
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molytic AIEC strains included in this study. In contrast, the
nonpathogenic K-12 C600 reference strain was slowly but ef-
ficiently killed following phagocytosis by J774-A1 cells. No
intracellular killing was observed at early times postinfection (4
and 8 h). Only 6% of the bacteria initially internalized were
recovered at 24 h postinfection, indicating a bactericidal activ-
ity of the J774-A1 macrophages.

Survival experiments were performed with AIEC strain
LF82 until 5 days postinfection. The number of intracellular
bacteria relative to that obtained at 1 h of gentamicin treat-
ment, defined as 100%, was determined every day. As shown in
Fig. 1, AIEC strain LF82 survived and replicated within mac-
rophages, reaching a maximum level at 48 h postinfection
(1,122%). At day 3 postinfection, the percent intracellular bac-
teria remained very high (869%), and at days 4 and 5 postin-
fection these percentages were still 305 and 230%, respectively.
Very few intracellular bacteria were recovered in detached
cells postinfection.

Survival within murine resident peritoneal macrophages.
Assays were performed at an MOI of 10 with AIEC strain
LF82, serovar Cholereasuis, and nonpathogenic E. coli K-12
C600. Results presented in Fig. 2 show only the intracellular
behaviors of AIEC strain LF82 and serovar Choleraesuis. We
were unable to count any intracellular bacteria for E. coli K-12
at the postinfection time points. Moreover, experiments per-
formed at an MOI of 100 revealed that E. coli K-12 C600 was
efficiently killed as early as 4 h postinfection (data not shown),
confirming the very high bactericidal efficiency of these mac-
rophages. The number of serovar Choleraesuis intracellular
bacteria recovered at 4 h represented 34.1% of that recovered
at 1 h. This dropped to 1.4% at 8 h postinfection in the at-
tached-macrophage fraction. In the detached fraction, 16.0%
of the initially phagocytosed bacteria were counted at 8 h
postinfection, reflecting the Salmonella-induced apoptotic pro-
cess. In contrast, even though the number of AIEC LF82
bacteria decreased relative to the number initially internalized,
52.0% of the bacteria recovered at 1 h postinfection were also
recovered at 4 h postinfection. Hence, the number of live
bacteria remained constant over a period of 8 h postinfection

and decreased to 14.2% at 24 h postinfection. Only very few
bacteria were counted in the detached cells over the postin-
fection time course.

Survival of AIEC strain LF82 within HMDM. In order to
confirm the ability of AIEC to survive in human phagocytic
cells, experiments were conducted using the AIEC reference
strain LF82 with HMDM. The serovar Dublin strain SL2260,
which is well characterized for its behavior in HMDM, was
included in our experiments for comparative purposes. De-
tached and attached macrophage fractions were cultured sep-
arately to enumerate intracellular bacteria. The results are
shown in Fig. 3. Results with serovar Dublin SL2260 were in
accordance with already published data (27). The number of
CFU recovered after infection with serovar Dublin SL2260
increased slightly in the attached macrophages over 24 h and
reached 122% of the number of bacteria recovered after 1 h
postinfection, taken as 100%. Bacteria in detached macro-
phages were observed as early as 4 h postinfection, and their
number increased over the postinfection period. The number
of bacteria in the attached fraction of AIEC LF82-infected
macrophages increased over 4 h postinfection to reach 208%
of the initially internalized bacteria and decreased slightly over
48 h postinfection. However, at 48 h, the percent intracellular
bacteria still represented 96% of the bacteria recovered after

FIG. 1. Kinetics of intracellular multiplication of AIEC LF82 in
J774-AI macrophages. The numbers of viable LF82 bacteria were
determined in attached (■) and detached (h) macrophage fractions
after different times (hours) of gentamicin treatment. Results are ex-
pressed as the number of intracellular bacteria relative to that obtained
at 1 h after gentamicin exposure, taken as 100%. Means and standard
errors of the means are indicated and correspond to six different
experiments.

FIG. 2. Survival of AIEC LF82 (A) and S. enterica serovar Chol-
eraesuis (B) in murine peritoneal macrophages. Means and standard
errors of the mean are indicated and correspond to four different
experiments in duplicate wells. Bacterial CFU per well containing 5 3
105 macrophages (y axis) and the time after addition of gentamicin
(x axis) are shown. Numbers of viable bacteria were determined in the
attached (■) and detached (h) macrophage fractions.
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1 h of gentamicin treatment. In contrast to serovar Dublin-
infected macrophages, no bacteria were recovered in the
corresponding detached fractions, confirming the lack of cyto-
toxicity induced by AIEC LF82 infection of J774-A1 macro-
phages. With the nonpathogenic strain K-12 C600, a decrease
in the number of viable bacteria was observed as early as 4 h

postinfection and only 5% of the bacteria initially internalized
were still alive after 24 h postinfection.

AIEC strain LF82 did not induce cell death of J774-A1
infected macrophages. All experiments to analyze the cell in-
tegrity of infected macrophages were performed at MOIs of 10
and 100, to check whether a higher number of internalized
bacteria was able to induce cell death. The culture superna-
tants of infected or noninfected macrophages were assayed for
the presence of the cytoplasmic enzyme LDH to estimate the
membrane integrity of the cells. Samples of the culture me-
dium were tested at 1, 4, 8, and 24 h postinfection (Table 2).
S. flexneri M90T and serovar Choleraesuis were included as
positive controls, since they are known to induce cell death (30,
42). E. coli K-12 C600 was used as a negative control. The
amounts of LDH released were expressed as LDH activity
recovered in the supernatant or as a percentage relative to that
obtained at 1 h.

Infection of J774-A1 cells at an MOI of 10 with either
S. flexneri M90T or serovar Choleraesuis resulted in high LDH
release. LDH activity in the cell culture media reached 61.6%
at 8 h postinfection for S. flexneri and 50.6% at 24 h postin-
fection for serovar Choleraesuis. LDH release also increased
at these two time points with an MOI of 100, yielding 70.9%
for S. flexneri and 73.3% for serovar Choleraresuis. This re-
lease reflects a secondary necrosis after apoptosis in vitro.

In contrast, the amounts of LDH released from macro-
phages infected at an MOI of 10 or 100 with AIEC LF82 (10.2
and 10.6%, respectively) did not differ from those for unin-
fected cells (14.9%) or cells infected with the avirulent strain
K-12 C600 (10.4 and 10.9% at MOIs of 10 and 100, respec-
tively), even after 24 h of gentamicin exposure. We confirmed
that the absence of cytotoxicity was not due to a very small
number of LF82-infected macrophages compared to the num-
ber of, Shigella- or Salmonella-infected cells. As shown in Table
1, the numbers of CFU per well at 1 h postinfection for the
three bacterial strains tested were similar. This suggests that
even with a number of internalized bacteria similar to that for
S. flexneri or serovar Choleraesuis, AIEC LF82 was not cyto-
toxic for J774-A1 macrophages.

J774-A1 cells infected at an MOI of 100 were stained with
annexin V-FITC and propidium iodide. Apoptotic stimuli, i.e.,
infection with S. flexneri or serovar Choleraesuis and the NF-
kB inhibitor gliotoxin 5 mM, were used as positive controls (30,
39, 42). Results, expressed as percentages of apoptotic and
necrotic cells, are presented in Table 3. Infection with S. flex-

FIG. 3. Survival of AIEC LF82 (A) compared to those of serovar
Dublin SL2260 (B) and nonpathogenic E. coli K-12 C600 (C) in
HMDM. Each time point represents the mean of three independent
experiments in triplicate wells. Bacterial CFU per well containing 5 3
105 macrophages (y axis) and the time after addition of gentamicin
(x axis) are shown. Numbers of viable bacteria were determined in the
attached (■) and detached (h) macrophage fractions.

TABLE 2. Absence of LDH release by J774-A1 cells infected with AIEC strain LF82

Gentamicin
treatment

period
(h)

LDH activitya (% cytotoxicityb) at an MOI of:

10 100

AIEC LF82 K-12 C600 S. flexneri
M90T

Serovar
Choleraesuis AIEC LF82 K-12 C600 S. flexneri

M90T
Serovar

Choleraesuis

1 20.8 6 4.7 (2.2) 16.1 6 4.2 (0.4) 43.4 6 15.6 (10.8) 27.0 6 7.0 (4.6) 19.8 6 4.8 (1.9) 21.7 6 4.4 (2.6) 82.8 6 19.2 (25.7) 29.5 6 4.5 (5.5)
4 22.2 6 5.2 (2.8) 23.2 6 3.1 (3.2) 83.8 6 37.1 (26.8) 31.0 6 1.0 (6.1) 19.8 6 5.2 (1.9) 23.0 6 5.7 (3.1) 131.5 6 32.0 (44.2) 56.5 6 2.5 (15.89)
8 29.5 6 4.5 (5.5) 24.5 6 9.5 (3.6) 177.0 6 29.5 (61.6) 35.5 6 13.5 (7.8) 26.0 6 8.0 (4.2) 27.5 6 2.5 (4.8) 202.0 6 5.0 (70.9) 125.5 6 61.5 (41.9)

24 41.8 6 5.3 (10.2) 43.8 6 9.6 (10.9) ND 148.5 6 0.4 (50.6) 42.8 6 3.8 (10.6) 42.3 6 4.4 (10.4) ND 208.5 6 11.5 (73.3)

a Determined in supernatants by using NADH as a substrate. Release of LDH was measured at different gentamicin treatment times after a 2-h infection period and
expressed as units per liter of supernatant (means 6 standard errors of the means n 5 3 independent experiments in duplicate). ND, not determined.

b Calculated as (experimental release 2 spontaneous LDH release at 1 h)/(total LDH release at 1 h 2 spontaneous release at 1 h) 3 100. Spontaneous LDH release
by uninfected cells were 14.9 6 4.2 and 43.2 6 5.2 after 1 and 24 h of gentamicin treatment, respectively.
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neri, infection with serovar Cholerasuis, and treatment with
gliotoxin for 8 h all induced apoptosis, since the percentages of
macrophages exhibiting redistribution of phosphatidylserine to
the cell surface were 26.6, 25.0, and 36.6%, respectively. At 8
or 24 h after infection with either AIEC LF82 or K-12 C600,
the percentage of macrophages labeled with annexin V-FITC
was similar to that obtained with untreated cells, and very few
necrotic cells were enumerated.

The integrity of J774-A1 cells infected with the AIEC LF82
was confirmed by analyzing total genomic DNA by electro-
phoresis. Macrophages were infected for 2 h at an MOI of 100
and then underwent gentamicin treatment for 24 h. As shown
in Fig. 4, the total DNA from macrophages infected with
S. flexneri was cleaved into multimers of 180 to 200 bp, which
is a characteristic feature of apoptosis due to specific cleavage
between nucleosomes. In contrast, DNA from LF82-infected
macrophages showed no evidence of chromatin cleavage or
degradation and had a DNA pattern similar to that of unin-
fected cells. Thus, even at 24 h after infection with AIEC LF82,
and despite high levels of intracellular bacterial replication
(Table 1), DNA remained intact. This indicates that in contrast
to S. flexneri or Salmonella serovar Choleraesuis, AIEC LF82
did not induce any cell death of J774-A1 macrophages.

AIEC LF82 induced spacious phagosomes. Morphological
data to confirm the survival and replication abilities of AIEC
LF82 within J774-A1 cells were obtained with TEM. One hour
after infection, LF82 bacteria were observed in small vacuoles
(Fig. 5A). LF82-infected cells exhibited larger phagosomes at
8 h, some of which were observed to fuse, leading to the
formation of spacious phagosomes (Fig. 5B). At 24 h postin-
fection, infected macrophages showed a particularly prominent
vacuole containing numerous bacteria. None of the internal-
ized bacteria were free in the cytoplasm. The phagosomes
occupied most of the cytoplasmic compartment and did not
seem to alter the morphology of the nucleus or that of the
cytoplasmic membrane (Fig. 5C). There was no morphological
evidence of cytotoxicity, confirming the results of LDH release
and DNA analysis. Despite this large number of intracellular
bacteria, infected macrophages appeared viable even after 48 h
postinfection (data not shown). In contrast, after 24 h, macro-
phages with internalized E. coli K-12 C600 harbored only a few
phagosomes and also had small, round vesicular structures in
phagosome vacuoles that appeared to represent fragments of

organisms (data not shown). Thus, AIEC LF82 can persist
within phagocytic cells for a long period in a large vacuole with-
out inducing any apparent cell death or damage to the infected
macrophages.

AIEC LF82 induced secretion by macrophages of TNF-a but
no IL-1b release. To explore the possible mechanisms in an
inflammatory response induced by AIEC LF82, we examined
its ability to induce (IL-1b) release and TNF-a secretion by
ELISA.

The quantification of IL-1b release presented in Table 4 was
obtained with macrophages prestimulated with LPS overnight
and then infected with S. flexneri or AIEC LF82 at an MOI of
100. After 1 h of gentamicin treatment, the uninfected cell
lysate gave an IL-1b concentration of 97 pg/ml, and the con-
centration of IL-1b in the supernatant of uninfected cells was
less than 10 pg/ml at 1 and 24 h postinfection. As expected,
S. flexneri M90T induced a high release of mature IL-1b at 1 h
postinfection (40.5 pg/ml recovered in the supernatant). This
result was in accordance with previously published findings
showing that IL-1b is released when the cells undergo apopto-
sis (15, 41). In contrast, AIEC LF82 induced no detectable
release of IL-1b, even after 24 h of gentamicin treatment.

ELISA quantification of TNF-a secretion was done with
J774-A1 cells infected with AIEC LF82 at an MOI of 100 in
comparison with LPS-treated cells (Table 4). Small amounts of
TNF-a found in the supernatant of AIEC LF82-infected or
LPS-stimulated cells at 1 h postinfection. At 24 h postinfection,
a maximum amount of TNF-a, 1,300 pg/ml, was recovered in
the supernatant of cells stimulated with 1 mg of LPS/ml. In
comparison, AIEC LF82-infected J774-A1 cells secreted a very
high level of TNF-a: 3,533 pg/ml was recovered in the culture
medium at 24 h postinfection.

FIG. 4. DNA electrophoresis of J774-A1 cells at 24 h postinfection.
Lanes: L, ladder of molecular size markers in base pairs (SmartLadder
SF; Eurogentec); 1, uninfected cells; 2, cells infected with the AIEC
strain LF82; 3, cells infected with S. flexneri M90T. Only M90T-in-
fected cells generated ladders of 180 to 200 bp, characteristic of apo-
ptosis. LF82-infected cells were negative for DNA degradation.

TABLE 3. Enumeration of apoptotic and necrotic J774-A1
macrophages after bacterial infection or

treatment with gliotoxin

% Apoptotic cellsa % Necrotic cellsa

8 h post-
infection

24 h post-
infection

8 h post-
infection

24 h post-
infection

Untreated cells 10.1 6 0.9 11.2 6 1.2 1.6 6 1.1 2.0 6 0.7
AIEC LF82 7.8 6 0.2 10.0 6 1.6 1.4 6 0.6 4.0 6 1.4
Gliotoxin (5 mM) 36.6 6 1.0 ND 4.5 6 0.4 ND
S. flexneri M90T 26.6 6 2.8 19.5 6 4.0 5.0 6 1.2 12.4 6 1.8
Serovar Cholereasuis 25.0 6 2.3 28.0 6 0.8 2.0 6 1.2 5.5 6 2.6
K-12 C600 10.9 6 2.5 11.7 6 0.4 1.1 6 1.1 0.9 6 0.0

a Mean percentages 6 standard errors of the means of apoptotic or necrotic
cells visualized by using the annexin V-FITC assay (Sigma). The percentage of
stained cells was scored by analysis of 100 cells of three independent experiments
in duplicate. ND, not determined.
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DISCUSSION

The search for infectious agents as a possible cause of CD
has mainly focused on intracellular pathogens which have
evolved to resist phagocytosis and often persist for long periods
within macrophages leading to chronic antigenic stimulation
and T-cell and macrophage activation. This results in the for-
mation of granulomas surrounding the microbes. Granuloma-
tous inflammation is not only a histologic hallmark of infec-
tions with some intracellular bacteria and fungi but also a

characteristic feature of CD, with granulomas found in the
bowel wall and in regional lymph nodes (12). Moreover the
presence of specific E. coli antigens was previously found in
macrophages distributed within the lamina propria, in granu-
lomas, and in the germinal centers of mesenteric lymph nodes
in patients with CD (9, 28). We previously reported that the
ileal mucosa of patients with CD is abnormally colonized by
pathogenic E. coli strains termed AIEC, which have the ability
to adhere to and invade epithelial intestinal cultured cells (6,
11). The aim of the present work was to determine the intra-
macrophagic fate of AIEC strains isolated from patients with
CD and the behavior of the infected macrophages in order to
evaluate the ability of such invasive bacteria to participate in
granuloma formation.

We showed in the present study that all the AIEC strains
that we isolated from patients with CD were able to survive
and to replicate extensively within J774-A1 phagocytic cells.
After 48 h postinfection, the number of intracellular AIEC
bacteria increased 2.2- to 74.2-fold over the number at initial
infection, depending on the AIEC strains studied. Moreover,
the AIEC strain LF82 was able to persist efficiently until 5 days
postinfection within J774-A1 macrophages. No detached cells,
no LDH release, no annexin V-FITC binding, and no sign of
DNA fragmentation or degradation were observed with J774-
A1 infected cells even after 24 h postinfection, indicating that
there was no cell death. The behavior of the AIEC strains
within macrophages is different from that of other invasive
bacteria, since most of them induce cell death of the infected
macrophages (for a review see reference 31). Through cell
death, infected macrophages attempt to both prevent the
spread of intracellular pathogens and elicit a potent antibac-
terial immune response via the release of proinflammatory
cytokines.

Comparative studies of intracellular survival of AIEC LF82
within two cell models indicated that this strain had a survival
advantage in HMBM in comparison with murine peritoneal
macrophages. However, in comparison to published data con-
cerning the intracellular resistance of various Salmonella sero-
vars or Shigella within murine peritoneal macrophages at early
postinfection times before induction of macrophage cell death,
the fraction of AIEC LF82 resistant to bactericidal killing was
similar or higher, depending on the strain (2, 8, 19, 20, 22, 34).
In the same way, the survival of intracellular AIEC LF82
within HMDM was similar to or even higher than those pre-
viously reported for human-pathogenic Salmonella serovars
or Shigella (2, 15, 22, 27, 35, 36, 38). However, a great differ-
ence was observed between Salmonella- or Shigella- and AIEC
LF82-infected macrophages. No detached cells corresponding
to dead cells were observed with AIEC LF82-infected cells,
even after 24 or 48 h postinfection.

Strain LF82 does not induce any cell death of the infected
macrophages. To our knowledge, this is the first report describ-
ing the ability of E. coli strains to replicate extensively within
macrophages without inducing cell membrane damage or cell
death within a 24-h period. Indeed, the ability to induce mac-
rophage cell death is a common feature of most of the diar-
rheagenic E. coli strains. Members of all the diarrheagenic
pathovars of human E. coli studied so far (enteroaggregative
E. coli, enterohemorrhagic E. coli, EIEC, EPEC, ETEC, and
diffusely adhering E. coli) were cytotoxic to J774-A1 after 24 h

FIG. 5. TEMs of J774-A1 macrophages infected at an MOI of 10
bacteria per cell. At 1 h postinfection, AIEC LF82 bacteria were
observed in small vacuoles (A). After 8 h of gentamicin treatment, the
size of the vacuoles was increased (B). Note phagosome fusion leading
to the formation of a large vacuole observed after 24 h of gentamicin
treatment (C). Magnification: 37,200.
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of infection at an MOI of 10 or 100 (24, 25). Except for the
ETEC strain H10407, for which the cell death induced has not
been elucidated, all the different E. coli pathovars induce cell
death via an apoptotic mechanism (25). Infection of HMDM
and J774-A1 murine macrophages with several enteroaggrega-
tive and cytodetaching E. coli strains demonstrated that these
strains were not able to replicate intracellularly and induced
macrophage cell death accompanied by LDH and IL-1b re-
lease into the culture supernatant (14). Moreover, assays per-
formed with a few invasive E. coli strains that we isolated from
stools of healthy controls indicated that these strains were not
resistant to macrophage killing within the J774-A1 cells (data
not shown). Thus, invasive E. coli strains isolated from CD le-
sions, which possess none of the known genetic invasive deter-
minants of E. coli, Shigella, or Salmonella, share a virulence
factor(s) which confers on the bacteria the ability to evade the
bactericidal pathways to which intracellular bacteria are nor-
mally exposed within macrophages.

The mechanism by which AIEC strains resist bacterial killing
by macrophages is still under investigation. Pathogens that
survive within host phagocytes have various mechanisms of
survival: (i) by avoiding phagocytosis (13, 17), (ii) by inhibiting
fusion of bacteria-containing phagosomes with lysosomes and
endosomes (3), (iii) by remodeling their phagosome (10), (iv)
by moving out of the phagosome (21, 23), or (v) by resisting the
antimicrobial environment of the mature phagolysosome (4).

LF82 bacterial replication does not require bacterial escape
into the cytoplasmic compartment, in contrast to its behavior
within intestinal epithelial cells (6). Within J774-A1 macro-
phages, the bacteria induced the formation of a single spacious
vacuole by fusion of initial phagosomes. Such large vacuoles
containing numerous bacteria have also been observed with
J774-A1 cells infected with Salmonella or Yersinia enterocolitica
clinical isolates (2, 3, 18). The formation of this specific com-
partment induced by AIEC LF82 within the infected macro-
phages is probably the key to its ability to resist macrophage
killing. Spacious-phagosome formation may promote LF82
survival by dilution of toxic lysosomal compounds or attenua-
tion of antimicrobial factors, including decreased phagosomal
acidification.

It is noteworthy that AIEC strains are able to invade intes-
tinal epithelial cells by a macropinocytosis-like process requir-
ing actin polymerization and recruitment of microtubules and
by inducing host cell membrane elongations at the sites of
contact with epithelial cells. Type 1 pili were shown to play an
essential role in promoting AIEC LF82 internalization within
intestinal epithelial cells (5). We thought that they were also

involved in stimulating the entry of bacteria into macrophages,
and possibly subsequent resistance. Preliminary experiments
already performed showed that all type 1 pilus-negative mu-
tants, and the AIEC LF82 wild-type strain in the presence of
2% D-mannose, were able to survive and replicate intracellu-
larly as efficiently as the wild-type LF82. The mechanism of
entry, which may involve a specific phagosome formation with
an unusual endocytic trafficking as described for Salmonella-
infected macrophages (3, 30, 34), is currently under investiga-
tion.

We addressed the question of whether LF82-infected mac-
rophages released IL-1b or TNF-a, both capable of mediating
an inflammatory process. No IL-1b was released even after
24 h post-AIEC LF82 infection. This result was not surprising,
since it has been shown that this proinflammatory cytokine
was only released in the culture medium during apoptosis of
S. flexneri-infected macrophages (41). Compared to LPS-stim-
ulated macrophages, a high level of TNF-a was secreted after
24 h of infection with AIEC LF82. As TNF-a is transcribed
and translated de novo after macrophage stimulation, the syn-
thesis of this cytokine demonstrated that macrophages were
still active even with numerous intracellular bacteria. More-
over, proinflammatory TNF-a secretion reflects an activation
of infected macrophages. We can speculate that such AIEC-
infected macrophages are continuously activated by the sus-
tained presence of intracellular bacteria resistant for a long
period to the bacterial killing.

In conclusion, AIEC strains, which are able to invade intes-
tinal epithelial cells, are also able to trigger uptake into and
survival within macrophages without inducing host cell death.
These properties could allow the bacteria to translocate across
the human intestinal barrier, to move to deep tissues, to con-
tinuously activate macrophages, and to potentially induce the
formation of granulomas, one of the hallmarks of CD lesions.
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cells
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infected cells
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24 ,10 (0%) ND ,10 (0%) ND 302 6 13 3,533 6 111 1,300 6 86

a J774-A1 cells were prestimulated with LPS and then infected with S. flexneri M90T or AIEC LF82. Medium containing gentamicin was added, and IL-1b
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in duplicate, expressed in picograms of secreted TNF-a per milliliter.
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